Purpose of review Basic and translational neuroscience findings indicate that normal brain function depends on activity synchronization within distributed brain networks. This conclusion suggests a view of how brain injury causes behavioral deficits that differs from traditional localizationist views.
Introduction
Clinicians commonly localize behavioral deficits to focal lesions in the brain. This principle of 'cortical localization of function' is a cornerstone of clinical practice based on two theoretical principles that were articulated in the 1800s. The first is that specific functions are represented in specific parts of the brain [1] . Second, injuries to the brain disrupt localized functions and give rise to corresponding behavioral deficits [2] . Although there remains debate concerning precisely what is localized within a given patch of brain, the general consensus is that complex functions such as language and memory emerge from the combination of much simpler elementary operations [1, 3, 4] . These principles have supported serial models of brain function in which stimuli (e.g. a word) are first analyzed in sensory areas, then associated with more abstract representations (e.g. meaning) in higher order associative areas, and finally reach the motor system where a response is generated. More sophisticated cognitive-anatomical models (see the report by Price [5] for language) assume a feed-forward stream of information processing, in which each region contributes a specific input/output operation. Although these localizationist ideas remain the theoretical backbone of clinical neurology, advances in neuroscience suggest a much more distributed, parallel, and recursive view of brain function that has deep implications for clinical practice.
It is well accepted that the brain is anatomically organized in widely distributed and highly parallel networks. For example, the visual system is arranged as a hierarchy of cortical areas, each connected bidirectionally with areas below and above it [6] . Moreover, many areas are horizontally connected with other areas at the same level. Critically, this anatomical arrangement emphasizes not just a bidirectional flow of information (bottom up from sensory to cognitive to motor areas, and top down from cognitive to sensory levels), but also local and long-range recursive processing through cortico-cortical or corticosubcortical loops. In other words, perception of a stimulus or performance of a task requires the temporal coordination of multiple regions as the behavior unfolds.
Efficient transfer of information within the brain has long been assumed to depend on changes in the mean rate of spike discharge. Thus, presynaptic neurons transfer information by modulating their mean firing rate, which is integrated dendritically and which ultimately leads to a change in the firing rate of postsynaptic neurons [7] . More recent results, however, emphasize the importance of rhythmic synchronization, which is a universal property of neural systems at the scale of neurons, small circuits, and widely distributed networks. Synchronization results in alternating periods of excitation and inhibition, which can respectively facilitate or inhibit the transfer of information [8] . Neurons probably communicate most effectively when their excitability fluctuations are synchronized. Conversely, a given anatomical connection is relatively ineffective when the connected neuronal groups are not synchronized (for review, see the paper by Fries [9] ). There is a substantial and growing body of evidence that rhythmic synchronization plays a functional role in many cognitive functions (reviewed by Engel et al. [10] and Varela et al. [11] ) as well as brain disorders [12 ] . Furthermore, recent evidence indicates that brain networks exhibit synchronized spontaneous activity (i.e. they are 'functionally connected'), even in the absence of specific task performance (i.e. at 'rest'; see below).
These findings indicate that the function of any brain region cannot be understood in isolation but only in conjunction with the other regions ('network') with which it interacts at rest and during active behavior. The large-scale organization of the brain into distributed networks has important implications for our understanding of central nervous system disorders and brainbehavior relationships after brain injury. Some of these implications were foreseen many years ago by early neurologists such as Jackson, Andral, Prince, von Monakoff, and Head (reviewed by Finger [13] ), who proposed that neurological deficits do not simply reflect the primary effect of a lesion but also the secondary effects of the lesion on other structures; 'Hence it follows that at the place where you discover a lesion there does not always reside the direct cause of the effects which are produced.' [14] . Furthermore, the damaged brain must be viewed as a whole new system, and not simply as the old system minus the lesioned parts; 'So far as the loss of function or negative manifestations are concerned . . . it is a new condition, the consequences of a fresh readjustment of the organism as a whole to the factors at work at the particular functional level disturbed by the local lesion.' [15] .
Functional connectivity in healthy brains
Functional neuroimaging techniques, especially positron emission tomography and functional magnetic resonance imaging, have greatly enhanced our understanding of the brain. Classically, neuroimaging experiments measure focal physiological responses induced by performance of externally imposed tasks. Such responses indirectly reflect changes in synaptic activity; these manifest as changes in regional cerebral blood flow with positron emission tomography, and as changes in the blood oxygenation level dependent (BOLD) signal with functional magnetic resonance imaging [16] . A large body of functional neuroimaging research indicates that anatomically consistent networks comprised of widely distributed regions activate and deactivate in concert across a wide range of tasks. For example, eye movements associated with viewing objects in the visual environment lead to consistently coupled activations in frontal and posterior parietal cortex [17] . Although co-occurrence of activations in different regions is suggestive of a network structure, more definitive evidence has come from analyses of temporal interactions between regions.
Over the past decade, several techniques have been developed to determine whether interactions between jointly activated regions produce enhanced temporal correlations in task-evoked responses. (For an earlier review, see Lee et al. [18 ] .) Unfortunately, these methods require an a-priori model of how regions are connected (for detailed reviews, see Penny et al. [19] and Stephan et al. [20] ). Moreover, they are (invariably) contingent upon the specific task used, because changes in the system caused by external inputs are an integral part of the model. For examples of applications to patient populations, see [21] [22] [23] [24] .
As a result of these complicating factors, the strongest evidence for network structure based on temporal interactions between brain regions has come from the study of 'intrinsic' neural activity, that is, spontaneous activity observed as individuals lie quietly with their eyes either closed or simply fixated on a cross-hair. 'Functional connectivity MRI' (fcMRI) is a model-free strategy that measures the temporal correlation of the BOLD signal between brain regions, usually in the resting state [25-27,28 ,29-32,33 ].
fcMRI studies in neurologically normal, resting young adults have shown that spontaneous fluctuations in the BOLD signal are correlated within widely distributed networks that reproduce the topography typically seen in responses to controlled tasks. For example, regions commonly recruited by directed attention to environmental stimuli ( Fig. 1) or performance of controlled cognitive tasks exhibit greater temporal correlations among themselves than with other regions, even in the resting state [30, 31, 34] . These intrinsic signal fluctuations are in part related to the underlying anatomical connectivity. For example, in monkeys fcMRI correlation maps involving lateral intraparietal area, the frontal eye fields, and functionally related temporal areas closely resemble the pattern of anatomical connectivity revealed by tract tracing [35 ] . Similarly, in humans as well as monkeys, homologous regions of the cortex typically exhibit high functional connectivity [36] , a finding that appears to reflect inter-hemispheric connections through the corpus callosum. The correspondence between functional and anatomical connectivity is not one-to-one, however. For instance, although middle temporal area has strong direct connections to both area V 1 and the lateral intraparietal area, it has a stronger resting state temporal correlation with parietal than visual areas. These considerations suggest that fcMRI reflects anatomical connections that are somehow weighted by function.
Recent studies have investigated the neural signals that underlie the observed temporal correlations of the BOLD signal. Although BOLD fluctuations are slow (< 0.1 Hz), some evidence indicates that they might be related to power fluctuations of oscillatory neuronal activity at higher frequencies (1-200 Hz) [37] . Recent studies showed that different networks defined by fcMRI at rest are characterized by power fluctuations in electroencephalography signals [33 ,38] .
Critically, resting state fcMRI has been shown to be functionally significant in health, disease, and normal development. Thus, in healthy adults, functional connectivity in a language network was found to correlate with reading ability [28 ] . Conversely, in stroke patients with spatial neglect, impaired functional connectivity in attention networks was observed to correspond to the severity of spatial perceptual deficits (see below) [39 ] . Finally, the functional connectivity of networks involved in cognitive control was shown to be immature in children, corresponding to the poor performance of children relative to adults in tasks that are strongly dependent on cognitive control [40 ] .
Functional connectivity in injured brains
The overall organization of the brain into complex and distributed brain networks, identified by measuring temporal correlations in activity at rest and during behavior, suggests several predictions concerning the effects of a lesion on the brain's functional architecture. First, a focal injury will disrupt the synchronization between the site of damage and other connected regions, upstream and downstream, leading to changes in excitability throughout the network. Furthermore, changes in the state of one network may affect the dynamic state of other connected networks. Second, these altered patterns of activity in large-scale networks, whether measured at rest or during active behavior, should correlate with the observed neurological deficits. Behavioral deficits will reflect not only structural damage to a local part of a network but also functional imbalances throughout the network and in other connected networks. Finally, recovery of function involves the reorganization of entire brain networks. Rehabilitation may restore the networks to a normal state or enable a new state in which functions are performed through compensatory strategies.
To date, the most common functional pattern observed in patients with focal injury is a dynamic reorganization of the topography of task-related functional responses. For instance, Saur et al. [41 ] tested a group of poststroke aphasic patients (n ¼ 14) with an auditory comprehension task at three stages: acute (1.8 days poststroke), subacute (12 days), and chronic (321 days). They observed over the stages an improvement in language performance and increased activation of left hemisphere language regions (inferior frontal gyrus and middle temporal gyrus). In contrast, the homologous right hemisphere regions showed increased activity from acute to subacute stages, which correlated with improvement, followed by decreased activity at the chronic stage. A similar pattern of functional reorganization has been observed in primary , an acute stroke patient with spatial neglect (middle), and in the same patient 9 months later when the behavioral deficits had recovered (bottom). Both regions are part of the dorsal attention network, and were outside of the lesion in this patient, which is shown in gray. In healthy individuals these two regions are coherent in their spontaneous fMRI fluctuations. Such temporal relationship is disrupted in patients with acute spatial neglect, but is regained during the course of recovery. Adapted with permission from He et al. [39 ] .
motor cortices (M 1 ) in patients with motor impairment after subcortical strokes (for review, see Ward [42 ] ). These findings have implications for treatment. Enhancement of excitability in ipsilesional M 1 by transcranial direct current stimulation significantly improved motor performance [43, 44] . In contralesional M 1 increased excitability at the acute stage (< 1 month poststroke) was correlated with functional recovery [45] , whereas at the chronic stage (> 12 months poststroke) a decrease in excitability significantly correlated with motor improvement [43] .
The typical interpretation of these findings is that recruitment of contralesional regions may aid recovery at the acute and subacute stages, but may be maladaptive at the chronic stage, and that preservation or reactivation of ipsilesional activity affords the best chances of optimal recovery. A 'connectionist' interpretation suggests that these dynamic patterns of activation in the two hemispheres are linked and underlie changes in the functional communication within and between hemispheres caused by the lesion. For example, the lesion may abolish inhibitory influences over homologous areas in the opposite hemisphere mediated by callosal connections.
Changes in connectivity following a lesion occur rapidly and presumably depend on unmasking and changes in synaptic weights of pre-existing connections rather than the creation of new pathways. The rapidity of these changes is evident from a recent transcranial magnetic stimulation study conducted in healthy individuals [46 ] , which demonstrated that suppression of activity in left premotor cortex induces an immediate increase in activity in the contralateral premotor area that facilitates behavioral performance.
Inter-hemispheric or intra-hemispheric functional imbalances may also account for disrupted functional connectivity between two structurally intact regions that are directly or indirectly connected to an area of damage. A recent study of spatial neglect [47] showed that asymmetries in spatial attention correlated with imbalanced functional responses in structurally intact left and right dorsal parietal cortex. At the subacute stage, activity in right ipsilesional parietal cortex was relatively depressed during a spatial orienting task, whereas activity in contralesional left parietal cortex was relatively enhanced. This imbalance was behaviorally significant because the magnitude of activation in left parietal cortex correlated with the degree of spatial neglect. A recent follow-up study [39 ] showed that this functional imbalance was also manifested in fcMRI measures (Fig. 1) . Specifically, low inter-hemispheric coherence in parietal cortex correlated with worse neglect. Critically, in both studies the anatomical damage was located in the ventral frontal cortex, temporo-parietal junction and the underlying white matter, far removed from dorsal parietal regions where the functional signals were measured.
Conclusion
These novel findings provide a neurobiological basis for the intuition of early neurologists that what ultimately matters is the state of the network and not just what happens at the locus of injury. Knowing that a frontal lesion can cause functional changes in parietal cortex and that these changes are behaviorally significant not only provides a more complete understanding of brainbehavior relationships but also opens up the possibility of novel interventions. For instance, preliminary evidence indicates that rebalancing of activity across the hemisphere by suppressive transcranial magnetic stimulation improves performance [48, 49] .
This network approach also explains why acute stroke patients present multiple deficits that are not easily attributable to the locus of injury. For instance, a subcortical lesion may not only result in motor deficits but also impairments in language, attention, working memory, and task control. It is the rule that cognitive functions are almost never normal in patients with a focal brain injury. Whereas traditional explanations invoke nonneuronal factors such as edema, vascular dysregulation, and so on, a network perspective explains this multitude of problems by invoking disrupted neuronal communication within brain networks. fcMRI, potentially in association with simultaneous electroencephalogram recordings, is an especially promising approach to studying these network-level abnormalities because of its robustness (networks can be normally seen in a single subject after 5-15 min of scanning), reproducibility, and minimal task requirements that enable patients with a large range of deficits to be tested.
A final important point is that a network approach can also be applied to the study of nonfocal disorders such as Alzheimer's disease [50] , depression [51 ] , and schizophrenia [52] [53] [54] . In Alzheimer's disease a breakdown of functional connectivity has been reported in the 'default' network [50] , which is a set of brain regions that normally show task-related deactivations during controlled task performance [55] and that also are involved in memory retrieval [56] . In primary progressive aphasia, weakened functional connectivity during a language task between Broca's and Wernicke's regions correlated with the degree of language impairment [57 ] . It is likely that a network approach using either fcMRI or more task-driven methods (see the review by Lee et al. [18 ] ) will be helpful in other disorders that affect largescale cortical communication, as in the case of white matter lesions in multiple sclerosis [58] or disrupted interaction of basal ganglia and cortex in Huntington's disease [59] .
